This paper presents an observer-based robust control (ORC) scheme, combining perturbation observers with fractional-order sliding-mode regulators, for the current control of rotor-side converter (RSC) of a doubly-fed induction generator (DFIG). Perturbation states are defined to describe the interactions between d-axis and q-axis rotor current loops. The decoupled current control of RSC is realized via fractionalorder sliding-mode output feedback control and perturbation compensation based on the estimation states obtained by perturbation observers. The proposed ORC scheme does not require any parameters of DFIG and it is robust to system uncertainties and external disturbances. Experimental tests are undertaken on a hardware-in-the-loop DFIG system to verify the control performance of ORC scheme.
I. INTRODUCTION
Wind energy conversion systems (WECSs) have been developed rapidly over past decades in order to exploit wind energy to meet the increasing energy demand [1] - [3] . Doubly-fed induction generator (DFIG)-based wind turbines are widely used in WECS, and the DFIG is connected to the power grid via rotor-side converter (RSC) and grid-side converter (GSC). The classical vector control (VC) scheme, based on either stator-flux-oriented (SFO) [4] or stator-voltageoriented (SVO) [5] reference frame, is widely used for the control of a DFIG. In the VC scheme, active and reactive powers of DFIG are controlled independently by adopting proportional-integral (PI) regulators with compensation terms for decoupling control of current loops of RSC. However, the performance of VC highly relies on the accuracy of DFIG's model, which reduces its robustness to parameter variations, model uncertainties, and external disturbances [6] , [7] .
The interactions between active and reactive powers stem from the coupling of current dynamics of DFIG, and the design of current regulators is an import issue for the control of DFIG system. In addition to the VC scheme, nonlinear control methods, such as feedback linearization control [8] , model predictive control [9] , and sliding-mode control (SMC) [10] , were proposed for the improved current control of DFIG. In [4] - [10] , integer-order differentiators and integrators were adopted in the controller design. The fractional calculus extends the integer calculus to non-integer situation, and the fractional-order controller shows better control performance compared with integer-order regulator. Recently, fractional-order sliding-mode control (FOSMC) was developed to further improve the tracking rate and reduce the high-frequency chattering of conventional SMC, and it has been applied for the speed regulation of DFIG [11] . Nevertheless, all the aforementioned methods still rely on the precise model of DFIG.
Researchers combined state observer and feedback control to take advantage of two methods for the improved controller design. In [12] , an adaptive tracking control method, combining terminal sliding-mode nonlinear disturbance observer and adaptive robust control, was proposed for a class of nonlinear systems with parametric uncertainty, bounded external disturbance, and actuator saturation. In [13] , a disturbance observer-based nonlinear output feedback finite-time control method was investigated for the perturbed vehicle active suspension system, and the model uncertainties and external disturbances were compensated by the disturbance observer to improve the suspension performance of the system. In [14] , a nonlinear adaptive control method was developed based on the radial basis function neural network-based estimator and sliding-mode control, and it has been employed for the nonlinear multilateral tele-robotic system under the conditions of time delays, various uncertainties and external disturbance. These observer-based combined controller designs [12] - [14] have effectively improved the tracking performance and robustness of the controllers.
The perturbation observer-based regulator, which does not require accurate system model and parameters, was presented for decoupling control of interconnected nonlinear systems [15] , [16] . With the combination of perturbation observer and FOSMC, a novel observer-based robust control (ORC) scheme is proposed for the decoupled current control of RSC of DFIG system. The current loops of RSC are decomposed into two subsystems by introducing a perturbation state in each loop. Perturbation observer is designed to estimate the state and perturbation of each subsystem. The fractional-order sliding-mode control and perturbation compensation are then implemented with the estimations of states and perturbations to achieve the decoupled control of rotor current loops. Experimental studies are carried out on a hardware-in-the-loop DFIG system to evaluate the control performance of ORC scheme under the conditions of parameter variations, rotor current steps, and power grid disturbance. This paper is organized as follows. The mathematical model and conventional VC scheme of DFIG are given in Section II. The proposed ORC scheme is designed in Section III. Experimental results are presented in Section IV and conclusions are drawn in Section V.
II. MODELING AND CONTROL OF DFIG A. DFIG MODEL
The equivalent circuit of DFIG expressed in the synchronous rotating d-q reference frame, and the configuration of RSC which consists of six power electronic switches, are shown in Fig. 1 , in which v sd and v sq are the stator d-axis and q-axis voltages, respectively; v rd and v rq are the rotor d-axis and q-axis voltages, respectively; λ sd and λ sq are the stator d-axis and q-axis fluxes, respectively; λ rd and λ rq are the rotor d-axis and q-axis fluxes, respectively; i sd and i sq are the stator d-axis and q-axis currents, respectively; i rd and i rq are the rotor d-axis and q-axis currents, respectively; R s and R r are the stator and rotor resistances, respectively; L ls and L lr are the stator and rotor leakage inductances, respectively; L m is the mutual inductance; ω slip = ω s − ω r is the slip speed, ω s and ω r are the synchronous and rotor speeds, respectively.
According to Fig. 1 , the stator and rotor fluxes of DFIG are expressed by
and their dynamics are given witḣ
where L s = L ls +L m and L r = L lr +L m are the stator and rotor self-inductances, respectively. The mechanical dynamics of DFIG are represented by a single-mass model as
where H is the inertia constant, D is the damping factor, T m is the mechanical torque, and T e is the electromagnetic torque given by 
B. VECTOR CONTROL SCHEME
Under the stator-voltage orientation [5] , the d-axis of synchronous reference frame is aligned with stator voltage v s , then we get
The stator resistance of DFIG is small, and the voltage drop across the stator resistance can be neglected. The stator flux is mainly determined by stator voltage, and the stator of DFIG is connected to the power grid. Since the power grid voltage maintains stable, the stator voltage of DFIG almost keeps constant and the derivative of stator flux is small [17] . Besides, the transient behavior of stator can be neglected from the system control point of view [18] . Therefore, the stator flux is assumed to be constant. The stator flux dynamics (3) can be written aṡ
Under the conditions of equations (7) and (8) , the DFIG model (1)-(4) can be simplified as
where σ = 1 − L 2 m /(L s L r ) is the leakage factor, and the electromagnetic torque can be calculated as
The current regulators of conventional stator-voltageoriented VC scheme is designed based on equation (9) , and the schematic of VC scheme is depicted in Fig. 2 . As seen, PI regulators and compensation terms d , q are employed for the regulation of rotor current components i rd and i rq . 
III. OBSERVER-BASED ROBUST CONTROL OF RSC
where ω slip = ω s − z 3 . Let z * 1 = i * rd , z * 2 = i * rq be the reference values of rotor currents, where the superscript * represents reference value. Take the rotor current tracking errors y 1 = z * 1 − z 1 , y 2 = z * 2 − z 2 as output signals, the measurement equations of DFIG can be represented by
Define r i (i = 1, 2) as the relative degree of output y i , and the input-output linearization of multi-input-multioutput nonlinear dynamics of DFIG is realized by introducing a nonlinear coordinate transformation
In the linearization procedure of DFIG, the output variable y i is differentiated r i times until the control signal u j (j = 1, 2) explicitly appears. Thus, we havė
where the Lie derivatives are given by
The relative degrees of y 1 , y 2 are obtained as r 1 = r 2 = 1 because of L g 1 h 1 (z) = 0 and L g 2 h 2 (z) = 0. Since L g 2 h 1 (z) = L g 1 h 2 (z) = 0, the nonlinear model (11) can be decomposed into two subsystems 1 and 2 as
Perturbation states are introduced to represent the combined effects of system nonlinearities, uncertainties, and external disturbances. Define the perturbation terms of subsystems 1 and 2 as into (17), (18) , the subsystems 1 and 2 can be expressed in two coupled subsystems as 1 :
Define fractional-order integral sliding surfaces S 1 , S 2 as
, non-integer parameter α i satisfies α i ∈ (0, 1) and it provides additional degree of freedom for control, k i1 is surface gain. The derivatives of S 1 , S 2 are calculated aṡ
The following constant-speed reaching lawṡ
are adopted to guarantee the convergence of fractional-order sliding surfaces, where sgn(·) is the signum function, k 12 , k 22 are sliding-mode control gains. Substituting equations (21), (22), (27), (28) into (25), (26) and replacing sgn(·) function with saturation function sat(·), the fractional-order sliding-mode control laws can be obtained as
where i = 1, 2 and δ i is a positive constant. The saturation function sat(S i ) approaches the signum function sgn(S i ) as δ i → 0, and the slope of the linear part of sat(S i ) is 1/δ i . The discontinuous nature of traditional sliding-mode controllers will lead to high-frequency chattering. A boundary layer with a width of δ i is introduced by the continuous saturation function sat(S i ), which generates the continuous sliding-mode control laws and reduces the chattering phenomenon. The tracking errors can be made as small as possible by decreasing δ i , while too small value of δ i may result in the chattering in the presence of unmodeled dynamics. Thus, the width of boundary layer should be appropriately chosen to achieve to tradeoff between tracking accuracy and robustness.
Nevertheless, it is impractical to obtain the exact representations of perturbation states x 12 , x 22 of control laws (29), (30). Hence, perturbation observer is introduced to estimate the system perturbation.
C. PERTURBATION OBSERVER
Two perturbation observersˆ 1 andˆ 2 are designed for subsystems 1 and 2 , respectively, as followŝ
wherex ij represents the estimation of system state x ij (i, j = 1, 2). The observer gains ofˆ 1 andˆ 2 are designed as
where β ij is the Luenberger observer constant and ε i is the gain factor satisfies ε i ∈ (0, 1]. Under the condition of ε i = 1, it gets h ij = β ij , and the perturbation observer becomes extended-order Luenberger observer. Thus, the constant β ij is chosen to place the poles of observer at the desired locations in the left half complex plane. Specifically, β ij is selected such that the roots of polynomial p(s) = s 2 + β i1 s + β i2 have negative real parts. The selection of ε i assigns the eigenvalues of perturbation observer at 1/ε i times the roots of p(s) = 0. The gain factor ε i is required to be a relatively small positive constant to ensure the fast estimation dynamics of observer. The convergence proof of perturbation observer is elaborated in [15] , [16] . The state estimationx i1 and perturbation estimationx i2 are utilized for output feedback and perturbation compensation, respectively. Replacing x ij witĥ x ij in equations (29), (30) yields the decoupled control laws of rotor current loops as u 1 = −g −1 10 x 12 + k 11 D α 1x 11 + k 12 · sat(S 1 ) (34)
Take the Lyapunov function candidate as
Based on the sliding surface derivatives (25) and (26), the time derivative of V (t) is calculated aṡ
Replacingẋ 11 ,ẋ 21 in (37) with (21), (22) results iṅ
(38) Define the estimation error of perturbation observer as e ij = x ij −x ij (i, j = 1, 2). Under the condition that the perturbation terms 1 , 2 and their derivatives˙ 1 ,˙ 2 are locally Lipschitz and bounded, the bound of estimation error e ij can be made as small as desired by decreasing parameter ε i [15] , [16] . Therefore, there exists small positive constant θ ij such that |e ij | < θ ij . Substituting control laws (34), (35) into (38), it getṡ V = S 1 e 12 + k 11 D α 1 e 11 − k 12 sat(S 1 )
When the sliding surfaces are outside the boundary layer (|S i | > δ i ), it has sat(S i ) = sgn(S i ). Due to sgn(S i ) = |S i |/S i , equation (39) can be written aṡ
By selecting k 12 > 1 and k 22 > 2 , the time derivative of Lyapunov function satisfiesV ≤ 0. This indicates that whenever the initial value |S i | > δ i , the sliding surfaces will reach the set 1 = {|S i | ≤ δ i } in finite time and remains inside thereafter. When the sliding surfaces are inside the boundary layer (|S i | ≤ δ i ), it has sat(S i ) = S i /δ i , and equation (39) can be expressed bẏ V = S 1 e 12 + k 11 D α 1 e 11 − k 12 S 1 /δ 1
where F 1 = δ 1 1 /(k 12 3 ), F 2 = δ 2 2 /(k 22 4 ), and 3 ∈ (0, 1), 4 ∈ (0, 1). Thus the trajectories of sliding surfaces will reach the set 2 
Based on above analysis, it can conclude that the closed-loop system of ORC-controlled RSC is stable.
E. PROPOSED ORC SCHEME
According to previous analysis, the schematic diagram of ORC scheme is depicted in Fig. 3 . The fractional-order sliding surfaces S 1 , S 2 are calculated from equations (23), (24) based on the rotor current tracking errors x 11 , x 21 , and the fractional-order operator D(·) is realized using the Oustaloup approximation approach [11] . The state estimationsx 11 ,x 21 and perturbation estimationsx 12 ,x 22 are obtained from two perturbation observers (32), (33). Based on the outputs of perturbation observers and fractional-order sliding surfaces, the output feedback control laws (34), (35) are implemented for the decoupled control of rotor currents i rd and i rq . The control input v rd and v rq are applied to generate switching signals to drive the RSC. Note that the ORC scheme does not require any parameters of DFIG. The convergence speed of ORC scheme is mainly determined by the estimation error convergence of perturbation observers and convergence dynamics of fractional-order sliding surfaces. For the perturbation observers (32), (33), the small positive constant ε i (i = 1, 2) accelerates the convergence speed of estimation error dynamics. The convergence speed of perturbation observer becomes faster as ε i decreases, while it is restricted to model uncertainties and measurement noise. For the fractional-order sliding surfaces (23), (24), the rotor current tracking error x i1 exponentially converges to sliding manifold, and the convergence speed increases as the gain k i1 increases, while it is restricted to tracking accuracy and chattering behavior.
Although the proposed ORC scheme has larger computational complexity than VC and FOSMC schemes, it is totally accepted for the controller implementation in practice. The structure of perturbation observer of ORC scheme is simple and can be easily implemented by using digital processor. The ORC scheme does not require any parameters of DFIG, thereby simplifying the realization of control system. Besides, the fractional-order operator of sliding surface is approximated by integer-order transfer function based on the Oustaloup algorithm, which is a mature recursive approximation method suitable for digital implementation. In addition, based on the perturbation observers and fractional-order sliding surfaces, the control laws of ORC scheme are easy to realize with little computation cost.
IV. EXPERIMENT STUDIES A. SYSTEM CONFIGURATION
The structure of the simulated grid-connected DFIG system is illustrated in Fig. 4 . The DFIG is connected to 120 kV, 60 Hz AC power grid via two transformers and 30 km transmission line. The GSC of DFIG system is regulated using grid-voltage-oriented vector controllers. Fig. 5 depicts the hardware-in-the-loop experimental setup developed using real-time digital simulator (RTDS) and digital signal processing and control engineering (dSPACE), which is considered by many research laboratories [19] , [20] to test the novel control scheme for DFIG system. The grid-connected DFIG system shown in Fig. 4 is built with detailed models in RTDS and the proposed ORC scheme is implemented in dSPACE. The parameters of DFIG are given as follows: rated power P norm = 2 MW, rated voltage V norm = 0.69 kV, 
B. TUNING OF CONTROLLER PARAMETERS
Based on the DFIG model (9) , the current regulators of VC scheme are designed as [5] v
where C(s) = k p + k i /s is the transfer function of PI controller, k p is the proportional gain, k i is the integral gain, s is the Laplace operator, d and q are the d-axis and q-axis compensation terms, respectively. According to equations (9), (43), (44), the block diagram of VC scheme is illustrated in Fig. 6 . The closed-loop transfer function of rotor current control loop of DFIG is then obtained as
The PI parameters k p , k i are tuned to achieve the desired bandwidth ω c of transfer function G(s). Higher bandwidth provides faster tracking speed and stronger robustness against external disturbance, while it is restricted to the system uncertainties and sensor noises. Choosing k p = σ L r ω c , k i = R r ω c , the closed-loop transfer function (45) can be expressed by a first-order model as
where ω c is the only parameter to be determined. The bandwidth ω c is set as an empirical value of ω c = 120 Hz to track the fast current dynamics of DFIG, and the PI gains are calculated as k p = 25.3, k i = 0.72. The gain parameters k 11 , k 21 of FOSMC laws (29), (30) are chosen large enough with k 11 = k 21 = 5.5 such that the rotor current tracking errors x 11 , x 21 can quickly reach to the sliding manifold with small time constants 1/k 11 , 1/k 21 . The fractional-order parameters are selected as α 1 = α 2 = 0.5 to achieve the tradeoff between tracking rate and highfrequency chattering. Besides, the control gains are tuned as k 12 = k 22 = 14.7 to ensure the closed-loop stability and robustness against external disturbance.
The tuning process of control parameters of ROC scheme is given as follows. First of all, the control gains k 11 , k 12 , k 21 , k 22 and fractional-order parameters α 1 , α 2 of ROC are chosen as the same as FOSMC scheme. In addition, the constants g 10 and g 20 of perturbation observers (32), (33) affect the closed-loop stability of DFIG system regulated with ROC scheme. From (16), we have L g 1 h 1 (z) < 0 and L g 2 h 2 (z) < 0. Hence, the constants are chosen as g 10 < L g 1 h 1 (z)/2 and g 20 < L g 2 h 2 (z)/2 to satisfy the condition |L g i h i (z)/g i0 − 1| ≤ ζ i < 1 (i = 1, 2), where ζ i is a positive constant, in order to guarantee the stability of closed-loop system [15] , [16] . In the experimental studies, the constant values are selected as g 10 = g 20 = −100 to satisfy the above stability condition. Additionally, the classical pole placement method is employed in the selection of observer gains. Larger gain values indicate faster convergence speed of perturbation observer, while it will amplify the measurement noises and deteriorate the estimation performance. The observer gains are designed as β 11 = β 21 = 71 and β 12 = β 22 = 70 with one fast eigenvalue −70 and one slow eigenvalue −1 to achieve the tradeoff between convergence accuracy and measurement noise attenuation. The gain parameters are chosen as ε 1 = ε 2 = 0.02 to guarantee the convergence speed and robustness to system uncertainties and disturbances.
C. CURRENT STEPS AND PARAMETER VARIATIONS
Firstly, case studies of rotor current steps with large variations of DFIG's parameters are conducted to test the ORC scheme. The stator resistance R s , rotor resistance R r , mutual inductance L m of DFIG are all varied with 30% errors. Meanwhile, the d-axis rotor current reference i * rd steps from 0.1 p.u. to 0.7 p.u. at t = 0.02 s and changes back to 0.1 p.u. at t = 0.14 s, and the q-axis rotor current reference i * rq steps from −0.3 p.u. to 0.3 p.u. at t = 0.08 s. The tracking behavior of rotor currents i rd and i rq are illustrated in Fig. 7 (a) , (b), (c) for VC, FOSMC, ORC schemes, respectively. Under the condition of current steps, the rotor currents i rd , i rq in both VC and FOSMC schemes reach to their reference values with a response time of several milliseconds, while the rotor currents in ORC immediately track the step changes. Additionally, the tracking responses of i rd and i rq affect each other when applying VC or FOSMC. It is because both VC and FOSMC require the parameters of DFIG, and the parameter variations degrade the control performance of VC and FOSMC. In contrast, with the application of ORC scheme, rotor currents i rd and i rq can be regulated independently. Therefore, the ORC outperforms VC and FOSMC in terms of robustness to parameter variations, tracking rate, and decoupled control performance of rotor current loops. 
D. POWER GRID DISTURBANCE
Furthermore, the dynamic responses of VC, FOSMC, ORC schemes to large disturbance are tested by setting a 0.5-p.u. voltage drop of power grid from t = 0.04 s to t = 0.24 s. The experimental test starts in the rated working condition with i rd and i rq initialized at 1.0 p.u. and 0.0 p.u., respectively. The experimental waveforms of phase-a stator voltage v sa , stator active power P s , electromagnetic torque T e , rotor current components i rd , i rq , rotor current amplitude I r , stator current amplitude I s of VC, FOSMC, ORC schemes are given in Fig. 8, Fig. 9, Fig. 10 , respectively. The stator voltage drop denotes the large deviations of DFIG system from the nominal operating point, and it results in the nonlinearities and uncertainties of DFIG model. As seen from Fig. 8 and Fig. 9 , the current components i rd , i rq , I r , I s in both VC and FOSMC schemes suffer from long period of oscillations with large peak values, which attributes to their weak abilities to deal with the nonlinear and uncertain dynamics of DFIG under the condition of voltage drop.
In the ORC scheme, the extended perturbation state contains the information of nonlinearities and uncertainties of DFIG. As depicted in Fig. 10 , the estimation errors x 12 −x 12 and x 22 −x 22 are much smaller than the perturbation estimationsx 12 andx 22 , respectively, which reveals that the perturbation observers can accurately estimate the perturbation terms. With the perturbation compensation of ORC, the unknown and nonlinear dynamics of DFIG can be cancelled, and the fractional-order sliding-mode output feedback control laws are applied to ensure the improved operation of DFIG over a wide range of operating points. Additionally, as can be observed from Figs. 8-10 , the responses of stator active power P s and electromagnetic torque T e of ORC are smaller than that of VC and FOSMC, which means the ORC scheme generates the least energy to suppress the current oscillations of DFIG during the voltage drop. According to the current waveforms of I r , I s shown in Figs. 8-10 , the rotor and stator currents of ORC present less oscillations with smaller peak values than both VC and FOSMC, which indicates better damping effect of current oscillations and stronger robustness to external disturbance.
V. CONCLUSION
This paper has proposed a novel ORC scheme for RSC to independently regulate the d-axis and q-axis rotor currents of DFIG. According to the experimental studies undertaken on a hardware-in-the-loop DFIG system under various operation conditions, the conclusions can be drawn as follows.
Compared with conventional VC and FOSMC schemes, the proposed ORC scheme has faster tracking rate, better decoupled control performance, and stronger robustness to system uncertainties and external disturbances. This attributes to the fact that the design of ORC does not require any parameters of DFIG. Besides, the accurate perturbation estimation provided by perturbation observer is adopted to compensate the unmodeled dynamics of the system. In addition, the fractional-order sliding-mode feedback controller provides extra degrees of freedom to further improve the control performance. Moreover, the real-time hardware implementation indicates that the ORC scheme can be used for power electronic converters in practice and it has enormous potential in the control of renewable energy generation systems. 
